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This paper proposes a numerical method for analyzing whipping using a fully coupled
hydroelastic model. The numerical analysis method utilizes a 3-D Rankine panel method,
1-D/3-D finite element methods, and a 2-D generalized Wagner model, which are strongly
coupled in the time domain. The computational results were compared with those of a
model test of an 18 000-TEU containership. The slamming pressures and whipping
responses to regular waves for bow flare and stern slamming were compared. Further-
more, the slamming pressure was decomposed into its dynamic and static components.
The numerical and experimental models produced similar results. In addition, the effects
of the discretization and geometric approximation of the 2-D slamming sections were
investigated.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
High-speed commercial vessels easily experience whipping. A broad bow flare and a flat stern are more susceptible to
severe slamming. Severe slamming induces significant hull girder vibration, which is referred to as whipping. It is well
known that whipping tends to increase the extreme load. For example, MSC Napoli experienced structural failure near its
engine room owing to extreme load induced by whipping (Marine Accident Investigation Branch, 2008). Full-scale
measurements taken during recent studies have revealed that whipping significantly affects the fatigue strength and
ultimate strength (Drummen et al., 2008; Hirdaris et al., 2009; Storhaug et al., 2010, 2011). In addition, a whipping
identification method applied to full-scale measurement data can assist a deeper understanding the effect of whipping
(Kim et al., 2013).
To take the effect of whipping into consideration in the structural design of ships, a numerical or experimental test is
necessary. Although an experimental test is more reliable than a numerical one, the latter is preferable for testing various
ships and wave conditions. For a numerical test to be reliable, the method should have been validated against the results of
an experimental test. Recently, systematic model tests of ship springing and whipping were conducted as part of the Wave-
Induced Loads on Ships Joint Industry Project (WILS JIP) in Korea (MOERI, 2010, 2013). The test results are expected to
greatly assist the validation of a numerical method that can be applied to real ships.er Ltd. This is an open access article under the CC BY-NC-ND license
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2014; Oberhagemann and Moctar, 2012; Tuitman, 2010; Hirdaris and Temarel, 2009). A numerical method roughly consists
of three parts, namely, a fluid solver for the seakeeping problem, a structural solver for the rigid-body and flexible motions,
and a slamming solver for calculating slamming loads. There are various methods utilized by fluid solvers, including the 2-D
strip theory method, 3-D panel method, and 3-D CFD method. The 3-D panel method is presently considered to be the most
practical for time-domain simulation; the 3-D CFD method is still too heavy for extended simulation. Regarding the
structural part, either a 1-D beam model or a 3-D FE model can be used depending on the purpose. When considering
structural discontinuity, a 1-D beam model exhibits almost the same structural behavior as a 3-D FE model, including in the
torsional response (Kim and Kim, 2014; Senjanović et al., 2009). The slamming load acting on the bow flare, bottom, or stern
should also be considered when the linear potential theory is used for the seakeeping problem; it is automatically included
in the 3-D CFD method (Oberhagemann and Moctar, 2012). The 2-D generalized Wagner model (GWM) is commonly used
because it reliably calculates the slamming load and its computational speed is suitable for time-domain simulations
(Khabakhpasheva et al., 2014; Mei et al., 1999; Zhao and Faltinsen, 1993). Although a 3-D slamming model is desirable
because a ship slamming is basically a 3-D problem (Kim and Hong, 2008; Korobkin and Scolan, 2006), the theoretical study
on the slamming of 3D for arbitrary body shape is not available at this moment, Although CFD can be a candidate for this
purpose, its practicality and accuracy are very limited.
In the present study, a fully coupled hydroelastic model was used for the numerical simulation of whipping. The
numerical model consists of a 3-D Rankine panel method in conjunction with a weakly nonlinear approach, 1-D/3-D FE
model and 2-D GWM, which are coupled with each other. The results of wedge drop and whipping tests were used to
validate the numerical model. For the validation, the experimentally and numerically determined sectional force and
slamming pressure were compared. The pressure was decomposed into three components, which are proportional to
acceleration, velocity square, and displacement, respectively. In addition, the discretization error in the slamming sections
and the effect of coupling the motion and slamming loads were investigated.
2. Theoretical background
2.1. Fully coupled approach
A fully coupled approach is effective for hydroelastic analysis of whipping because the interaction between the fluid and
the structure plays a role in the natural vibration of the ship. The fluid flow around the ship is solved by the 3-D Rankine
panel method. The rigid-body and flexible motions of the structure are determined by the 1-D/3-D FEM. In addition, the
slamming loads are calculated by the 2-D GWM or by wedge approximation. The three methods are coupled together in the
time domain.
2.2. 3D Rankine panel method
The 3-D Rankine panel method for the seakeeping problem is based on the works of Kim and Kim (2008), Kring (1994),
and Nakos (1990). The coordinate system moves with the advancing ship and its forward speed along the x-axis as shown in
Fig. 1. The origin is located at the projection of the center of mass to the water plane. The set of the boundary value problem
is expressed as follows:
∇2ϕ¼ 0 in ΩF ; ð1Þ
∂ϕ
∂n
¼ U!U n!þ∂u
!
∂t
U n! on SB; ð2Þ
d
dt
þ∇ϕU∇
 
zζðx; y; tÞ½  ¼ 0 on z¼ ζðx; y; tÞ; ð3Þ
dϕ
dt
¼ gζ1
2
∇ϕU∇ϕ on z¼ ζðx; y; tÞ; ð4ÞU
F
SF
S
SB
Fig. 1. Coordinate system of 3-D Rankine panel method.
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!
is the forward speed vector, n! is the normal vector on the body surface, u! is the
translational displacement vector, SB is the body surface, ΩF is the fluid domain, ζ is the free surface elevation, g is the
gravitational acceleration, and d=dt ¼ ∂=∂t U!U∇ provides the relationship of time difference between a global coordinate
system and a moving coordinate, using Galilean transformation.
To linearize the boundary conditions of Eqs. (2)–(4), the velocity potential is decomposed into the double-body basis
potential Φ, the incident potential ϕI , and the disturbed potential ϕd. Similarly, the free surface elevation is decomposed into
the incident wave elevation ζI and the disturbed wave elevation ζd. The decomposed potentials and elevations are as
follows:
ϕðx; y; z; tÞ ¼Φðx; y; zÞþϕIðx; y; z; tÞþϕdðx; y; z; tÞ; ð5Þ
ζðx; y; tÞ ¼ ζIðx; y; tÞþζdðx; y; tÞ: ð6Þ
Double-body linearization is applied, which assumes that the basis potential is on the order of 1, and the other potentials
and wave elevations are on the order of ε. The disturbed potential and wave elevation include both the steady and unsteady
potentials and wave elevations, respectively. The free surface boundary conditions are linearized by Taylor series expansion
about the calm water level (z ¼ 0). The final forms of the free surface boundary conditions are expressed as follows (Kim
and Kim, 2008):
∂ζd
∂t
ðU!∇ΦÞU∇ζd ¼
∂2Φ
∂z2
ζdþ
∂ϕd
∂z
þðU!∇ΦÞU∇ζI on z ¼ 0; ð7Þ
∂ϕd
∂t
ðU!∇ΦÞU∇ϕd ¼ 
∂Φ
∂t
gζdþ U
!
U∇Φ1
2
∇ΦU∇Φ
 
þðU!∇ΦÞU∇ϕI on z ¼ 0: ð8Þ
The body boundary condition is linearized by Taylor series expansion about the mean body surface as follows (Timman
and Newman, 1962):
∂ϕd
∂n
¼ ðu!U∇ÞðU!∇ΦÞþððU!∇ΦÞU∇Þu!
h i
U n!þ∂u
!
∂t
U n!∂ϕI
∂n
on SB: ð9Þ
If it is assumed that the Rankine sources are distributed on the free and body surfaces, the volume integral of the Laplace
equation would be converted to the boundary integral by Green's second identity as follows:
ϕdþ∬SBϕd
∂G
∂n
dS∬SF
∂ϕd
∂n
GdS¼∬SB
∂ϕd
∂n
GdS∬SFϕd
∂G
∂n
dS: ð10Þ
Eq. (10) is numerically solved by temporal and spatial discretization in the time domain. The mean body and free surface
boundaries are discretized into a finite number of panels. A bi-quadratic spline function is used to interpolate the velocity
potential, wave elevation, and normal velocity on the panels. The radiation condition is satisfied on the edges of the free
surface using an artificial damping zone. In the damping zone, the wave elevation and potential are forcibly damped as
follows:
dζd
dt
¼ ∂ϕd
∂z
2κζdþ
κ2
g
ϕd
∂ϕd
∂t
¼ gζd; ð11Þ
where κ is the damping strength. The above numerical schemes are based on the works of Kim and Kim (2008) and Kring
(1994).
Once the velocity potential is determined by solving the boundary value problem, the dynamic pressure can be obtained
using the Bernoulli equation. In the present study, a weakly nonlinear approach was adopted to take into consideration the
nonlinear Froude–Krylov and restoring pressures due to the body geometry. The weakly nonlinear approach is an
inconsistent method, since the linear hydrodynamic problem is combined with nonlinear Froude–Krylov and restoring
forces. However, this combination is very effective for reducing the computational cost.
The explicit forms of the dynamic and static pressures were given by Kim and Kim (2014).
2.3. Generalized Wagner model
The initial value problem of the GWM is shown in Fig. 2 (left). In this paper, the solution is limited to the symmetric
water entry problem without flow separation. In the future, it will be extended to asymmetric cases because slamming load
can be significant in oblique seas (MOERI/KIOST, 2013). A space-fixed coordinate system is used, the origin of which is
located at the intersection of the vertical axis of symmetry and the free surface of the calm water. The set of the initial value
problem is expressed as follows (Khabakhpasheva et al., 2014; Mei et al., 1999; Zhao and Faltinsen, 1993):
∇2φ¼ 0; ð12Þ
φ¼ 0 ðy¼HðtÞÞ; ð13Þ
Fig. 2. Coordinate system and definitions for 2-D slamming models (left: original water entry problem and right: complex plane for conformal mapping).
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φy ¼ f 0ðxÞφx _hðtÞ ðy¼ f ðxÞhðtÞ; xj jocðtÞÞ; ð15Þ
φ-0 ðx2þy2-1Þ; ð16Þ
HðtÞ ¼ f ðcðtÞÞhðtÞ; ð17Þ
Sðx; 0Þ ¼ 0; cð0Þ ¼ 0; ð18Þ
where φ is the velocity potential, HðtÞ is the free surface elevation at the contact point defined as HðtÞ ¼ S cðtÞ; t½ , Sðx; tÞ is the
free surface elevation, subscripts x, y, and t denote partial derivatives with respect to their values, f 0ðxÞ is the slope of the
body geometry, φx is the partial derivative of the velocity potential with respect to x, _hðtÞ is the vertical velocity of the body,
hðtÞ is the vertical displacement of the body, and cðtÞ is the contact point of the body and the free surface and has to be
determined as part of the solution. The vertical motions of the body are corresponding to the relative vertical motions of
slamming sections as follows:
€h¼  0; 0; 1½ U∂
2 u!
∂t2
þ∂
2ζI
∂t2
; ð19Þ
_h¼  0; 0; 1½ U∂u
!
∂t
þ∂ζI
∂t
; ð20Þ
h¼  0; 0; 1½ U u!þζIþD; ð21Þ
where D is the draft of the section.
The initial value problem is solved using the conformal mapping. The auxiliary complex plane ς¼ ξþ iη is introduced as
shown in Fig. 2 (right), and the fluid domain yrHðtÞ and yr f ðx; tÞin the z-plane is mapped to the lower half-plane ηo0 as
follows:
z¼ iHðtÞþFðς; cÞ; ð22Þ
where Fðς; cÞ is the analytic function in ηo0 such that Fð71; cÞ ¼ 7c and Fðς; cÞ-F1ðcÞς as ςj j-1. The real and imaginary
parts of Fðς; cÞ on η¼ 0 are denoted as Xðξ; cÞ and Yðξ; cÞ, respectively. The interval 1oξo1 and η¼ 0 corresponds to the
wetted surface of the body in the z-plane, which gives
Yðξ; cÞ ¼ f Xðξ; cÞ  f ðcÞ ð ξj jo1Þ: ð23Þ
The solution of the boundary value problem is obtained in the complex plane. The velocity potential on the body surface
is expressed as follows:
φðx; y; tÞ ¼  _h Yðξ; cÞþF1ðcÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1ξ2
q 
; ð24Þ
where x¼ Xðξ; cÞ and y¼HðtÞþYðξ; cÞ.
The hydrodynamic pressure is calculated by the Bernoulli equation as follows:
pGWM ¼ ρ
∂φ
∂t
þ1
2
∇φ
		 		2
 ; ð25Þ
pGWM ¼ ρ _h
2
Pvðξ; cÞþρ €hPwðξ; cÞ; ð26Þ
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Xcðξ; cÞ
NðcÞ
ξ
Sðξ; cÞð1ξÞ
kðcÞ
 0:5
1þ f 2x ðXÞ
ξ2
S2ðξ; cÞ
ð1ξÞ2kðcÞ þF
0
1ðcÞ
NðcÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1ξ2
q
þ1
2
 f xðcÞ
NðcÞ; ð27Þ
Pwðξ; cÞ ¼ f ðXÞ f ðcÞþF1ðcÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1ξ2
q
; ð28Þ
where pGWM is the dynamic pressure of the GWM, ρ is the fluid density, and NðcÞ ¼ _hðtÞ=_cðtÞ. The mathematical and
numerical procedures for the solution were presented in detail by Khabakhpasheva et al. (2014). Recently, the solutions
were validated against the experimental result for wedge drop test by Kim et al. (2014).
The time history of impact pressure is dependent on the motion history of the penetrating body. However, we do not
need to solve the GWM at every slamming occurrence. In the case of the generalized GWM, the final form of dynamic
pressure is explicitly dependent on instantaneous parameters, not being affected by the flow in previous time. This is
because the high Froude number theory is an impulsive problem, not a memory problem. It is assumed that gravity is
neglected in the free surface boundary condition and the displacement monotonically increases. As a result, the contact
point cðtÞ depends on only the initial and current displacements though it is given as the function of time. An advantage of
this property of the WGM is that only instantaneous kinematic components, i.e. depth, velocity and acceleration at the
specific time of interest, are needed although the motion of the penetrating body may vary in past. Thus, if the pressure
distribution is obtained using the zero initial condition, which means that the body begins to enter the water from a non-
submerged condition, it could be applied to other water entry problems with nonzero initial conditions. This can be
implemented by setting offset values in the splash-up of the free surface.
2.4. Wedge approximation model
The slamming load FSL can be easily calculated as follows using a wedge approximation based on momentum
conservation:
FSL ¼
d
dt
Ma _h¼Ma €hþ∂Ma∂t
_h; ð29Þ
whereMa is the infinite frequency added mass. The wedge approximation approximates the submerged body as a wedge of
breadth bðtÞ and with a dead-rise angle of γ (see Fig. 2). The infinite frequency added mass of the wedge is calculated as
Ma ¼ π2ρb
2ðtÞ 1 γ
2π
 
; ð30Þ
This method is a type of von Karman solution because the splash-up of the free surface is not considered.
If the dead-rise angle varies along the body surface, Eq. (30) tends to underestimate or overestimate the slamming force.
For example, in the case of circular cylinder, it gives a smaller slamming force when γo451 and a larger slamming force
when γ4451 compared to the result of GWM. In detail, the wedge approximation gives 020% smaller slamming force
compared to the result of GWMwhen 4514γ4251. However, the total time integration of slamming force is almost same in
both wedge approximation and GWM solutions.
2.5. 1D and 3-D FE models
The structural responses can be determined using a 1-D beam or 3-D FE model. In terms of modeling convenience and
computational burden, the 1-D beam model is more suitable for coupled-analysis in the early design stage than the 3-D FE
model. The 1-D beam model is based on the Timoshenko beam theory of bending and the Vlasov beam theory of non-
uniform torsion. It is important for the proper determination of the sectional properties of a beam element. To calculate the
shear flow and warping function, a so-called 2-D analysis of the cross section is performed (Kawai, 1973). In addition, the
effect of discontinuity in the structure such as bulkheads should be reflected in the sectional properties (Senjanović et al.,
2009). A successful application of the 1-D beam model can be found in the work of Kim and Kim (2014). Conversely, the
application of a 3-D FE model to calculating the complicated torsional behavior is straightforward. The large DOF of a 3-D FE
model should be reduced in a time-domain simulation by the modal superposition approach.
The coupling of the 3-D Rankine panel method, GWM, and 1-D beam model is achieved in a Cartesian coordinate system.
The equation of motion is expressed as follows based on the nodal motions, which occur in the straight line along the
longitudinal axis in Fig. 3 (left):
M
€u!ðtÞþC _u!ðtÞþK u!ðtÞ ¼ f!ð €u!ðtÞ; _u!ðtÞ; u!ðtÞ; tÞ; ð31Þ
whereM is the consistent mass matrix, C is the Rayleigh damping matrix, K is the stiffness matrix based on Timoshenko and
Vlasov beam theories, u!ðtÞ is the displacement vector, a dot over the displacement is the time derivative, and f! is the
forcing vector from the fluid domain. A formulation of the matrices was presented by Kim et al. (2009a, 2009b, 2009c).
YX
Z
(xp,yp,zp)
(xn1,yn1,zn1)
(xn2,yn2,zn2)
Fig. 3. Coupling using 1-D beam model (left: beam nodes and right: two adjacent nodes and panels).
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f
!¼ f
-
LDþ f
-
NFþ f
-
NRþ f
-
SLþ f
-
SPþ f
-
DAM ; ð32Þ
where f!LD is the linear radiation and diffraction force of the 3-D Rankine panel method, f
!
NF is the nonlinear Froude–Krylov
force of the weakly nonlinear approach f!NR is the nonlinear hydrostatic restoring force of the weakly nonlinear approach,
f
!
SL is the slamming force of GWM or wedge approximation, f
!
SP is the restoring force of soft spring system, and f
!
DAM is the
damping force of soft spring and roll motion.
To calculate the forcing vector of Eq. (31), nodal motions of the 1-D beam model need to be transferred to the body
surface of the fluid domain. For example, a symmetric motion on the body surface is calculated as follows in Fig. 3 (right):
wp ¼wn1S1ðrÞþθn1S2ðrÞþwn2S3ðrÞþθn2S4ðrÞ
r¼ d
l
; l¼ xn2xn1 d¼ xpxn1; ð33Þ
S1 ¼ 13r2þ2r3; S2 ¼ lr 1rð Þ2
S3 ¼ 3r22r3; S4 ¼ lr2 r1ð Þ; ð34Þ
where wp is the translation displacement in z-direction of the body panel, which is a function of the translational and
rotational displacements wn1, θn1, wn2, and θn2 of the two adjacent nodes, and S14 are the shape functions of beam element.
The fluid force on the body panel is distributed over two adjacent nodes as nodal forces by the same manner, which
corresponds to the forcing vector.
In time-marching simulation, the equation of motion is directly integrated in time. The Newmark-Beta method is used
for the time integration because it is unconditionally stable with respect to the size of the time step. In addition, a fixed-
point iteration is used in conjunction with the Aitken acceleration scheme for better stability. The details of the above were
presented by Kim et al. (2009a, 2009b, 2009c).
In contrast to the 1-D FE model, the 3-D FE model is coupled with the fluid models via eigenvectors in a generalized
coordinate system. The displacement vector u!ðtÞ of the 3-D FE model can be approximated by a superposition of 6þn
modes as follows:
u!ðtÞ ¼ ∑
6nm
j ¼ 1
αjðtÞA!
j
 ∑
6þn
j ¼ 1
αjðtÞA!
j
¼ A!
1
A
!2
⋯A
!6þn 
α1  6þnðtÞ ¼ u!0ðtÞ; ð35Þ
where u!0ðtÞ is the approximated displacement vector, αj is the modal displacement of jth mode, A!
j
is the eigenvector of jth
mode, m is the total number of nodes, n is the number of the lower flexible modes included in the approximated
displacement vector. Typically, the modal displacements of higher modes are very small because the modal stiffness rapidly
increases. The equation of motion is expressed as follows using the generalized coordinate and Eq. (35):
ML 0
0 MH
" #
€α1  6þnðtÞ
€α7þn  ðtÞ
( )
þ
CL 0
0 CH
" #
_α1  6þnðtÞ
_α7þn  ðtÞ
( )
þ
KL 0
0 KH
" #
α1  6þnðtÞ
α7þn  ðtÞ
( )
¼ f 1  ðu€-
0
ðtÞ; u_-
0
ðtÞ; u!0ðtÞ; tÞ
 
; ð36Þ
where subscripts L and H of the matrices indicate lower and higher modes, and f 1  is the modal force of the fluid domain,
which corresponds to the dot product of the fluid force vector and the eigenvector. Eq. (36) are decomposed into two
equations of lower and higher modes as follows:
ML €α1  6þnðtÞ
 þCL _α1  6þnðtÞ þKL α1  6þnðtÞ ¼ f 1  6þnðu€- 0ðtÞ; u_-0ðtÞ; u!0ðtÞ; tÞ
 
; ð37Þ
KH α7þn  ðtÞ
 ¼ f 7þn  ðu€- 0ðtÞ; u_-ðtÞ; u!0ðtÞ; tÞ : ð38Þ
(xn1,yn1,zn1)
(xn3,yn3,zn3)
(xp,yp,zp)
(xn2,yn2,zn2)
Fig. 4. Interpolation of eigenvectors.
Y
Z
X
Fig. 5. Mapping of eigenvectors (left: 3-D FE model and right: panel model).
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should be noted that Eq. (37) is a coupled equation whereas Eq. (38) is a decoupled equation because the R.H.S of Eqs. (37)
and (38) includes only the motions of the lower modes. In this study, Eq. (38) is not solved because it is not necessary for
calculating motion and sectional force. Finally, the DOF of motion is drastically reduced by excluding the higher modes.
To calculate the modal force, the eigenvectors of the 3-D FE model are mapped to the grids of the panel model and the
slamming sections using linear interpolation as follows in Fig. 4:
xp; yp; zp
h i
¼ a xn1; yn1; zn1
 þb xn2; yn2; zn2 þc xn3; yn3; zn3 ; ð39Þ
A
!jðxp; yp; zpÞ ¼ aA
!jðxn1; yn1; zn1ÞþbA
!jðxn2; yn2; zn2ÞþcA
!jðxn2; yn2; zn2Þ; ð40Þ
where a, b, and c are the weight functions for interpolation. The weight functions are obtained by Eq. (39) which is based on
the positions. Then, the eigenvector on an arbitrary position is calculated by Eq. (40). Fig. 5 shows an example of mapping of
the eigenvectors.3. Numerical implementation of GWM
3.1. 2-D section extraction
The first step of the slamming load analysis is to extract the 2-D sectional contour from the 3-D surface geometry. This
can be easily done using the x-intercept, where the x-axis is the longitudinal axis. The 2-D section and the free surface form
an angle between 01 and 1801. If the ship operates at a nonzero forward speed, the angle will be larger than 901. Ideally, the
section should be parallel to the direction of the water entry, which is determined by the rigid-body and flexible motions of
the body, the vertical motion of the incident wave, and the forward speed. However, it is impossible to obtain sections that
are parallel to this direction because the direction is not constant with time. Unfortunately, there is presently no means of
overcoming this problem in a 2-D slamming model. In this study, the sections were extracted from the 3-D surface geometry
without tilting angles, which are perpendicular to the free surface of the calm water. It is also possible to extract sections
with tilting angles as was done by Tuitman (2010). Fig. 6 shows examples of the extraction with and without a tilting angle,
respectively. The sections with the tilting angles would be more appropriate than those without tilting angles when the ship
has a forward speed. Hermundstad and Moan (2005) investigated the effect of forward speed on slamming. It is still needed
to investigate the effect and develop methods to improve 2-D slamming models.
To suppress the error due to discretization, a convergence test should be conducted using different numbers of sections.
The water entries of the sections along the longitudinal axis occur sequentially and induce additional excitation of a certain
frequency. If the frequency is close to the natural frequency, the error would increase significantly.
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Fig. 6. Examples of 2-D section extraction (top: 901 and bottom: 1351).
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The GWM does not consider flow separation, which means that the dead-rise angle cannot exceed 901. The breadth of
the 2-D section should monotonically increases along the outer contour from the keel to the deck, which means that the
section should have a convex shape. Consequently, the geometries of the bulbous bow and skeq should be modified to not
have a concave shape. In addition, a completely flat bottom or vertical wall is inadequate for the GWM. A reliable solution
using the GWM requires the minimum and maximum values of the dead-rise angle. In this study, minimum and maximum
values of 41 and 861, respectively, were applied. Fig. 7 shows an example of the modification. A similar work can be found in
the work of Hermundstad and Moan (2005).
A sharp edge, which implies a large curvature, induces an error of a derivative value by a finite difference. To suppress
this error, the sharp edge is smoothed. Fig. 8 shows an example of the smoothing of a sharp edge. In addition, the number of
extracted points in the outer contour is insufficient for GWM analysis because the data are too rough. The space between
two adjacent points on the slope is interpolated using a third-order polynomial.
Fig. 9 compares the slamming pressure distributions and slamming vertical forces for two differently modified sections.
The dynamic pressure distribution is for the fully submerged state with a constant vertical velocity. The pressure drop was
observed near the convex located where x/B (breadth)¼0.15 in the case of the modification from the keel. The pressure
distributions for the two sections are similar, except for the pressure drop. The integral of the pressure distribution
corresponds to the vertical force where c/B¼1.0. The difference between the vertical forces was due to the pressure drop.
The section modified from the keel had a vertical force smaller than that of the section modified from the deck. Had the
slamming begun fromwhere y/B¼0.8, the section modified from the deck would have produced the better result. However,
had the slamming begun from y/B¼0.0, the section modified from the keel would have been better. It should be noted that
the difference between the sections hardly affected the whipping response, which was because the differently modified
sections constituted a small part of the whole ship.
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Although the GWM is a 2-D method, it requires significant computational burden. Water entry occurs in the slamming
sections under various initial conditions. The initial condition is the submerged depth when the section begins to enter the
water. Strictly, the GWM solver should be run using the initial condition for each water entry event. Unfortunately, this
reduces the computation speed of the time-domain analysis. A preprocessed solution based on a zero initial condition can
be related to other water entry events with nonzero initial conditions using offsets in the pile-up of the free surface. This
approach is adequate because the gravity term is neglected in the GWM free surface boundary condition, which implies that
the pile-up is independent of the time histories of the water entry motion.
The two different initial value problems can be easily related as follows. First, the water entry problem is solved for the
section, which enters the water from the non-submerged condition to the fully submerged condition. The solution of this
problem is the preprocessed solution. In this solution, the submerged depth is decomposed into the penetration depth
owing to relative vertical motion and the free surface elevation. When the water entry event begins from a water depth of A,
the corresponding wave elevation W(A) can be determined from the preprocessed solution. If the section penetrates the
water to a depth of C, the corresponding solution would have a total submerged depth of CþW(C)W(A). The modified
J.-H. Kim et al. / Journal of Fluids and Structures 52 (2015) 145–165154penetration depth X is determined by solving the equation XþW(X)¼CþW(C)W(A). The validity of the equation can be
easily confirmed using A¼0 or A¼C.
In time-marching simulation, a small time step is generally required when using the GWM. However, it is not required if the
contact point, rather than the time, is discretized (Khabakhpasheva et al., 2014). The contact point increases from zero to the
maximum breadth. For each discretized contact point, the pressure distribution is calculated in the preprocessing. Linear
interpolation is used to obtain the pressure distribution if the current contact point is located between two discretized points.
4. Comparison and validation
4.1. Test model of 18 000-TEU containership
The model test of an 18 000-TEU containership was carried out by Samsung Heavy Industry (SHI) in the Samsung Ship
Model Basin (SSMB). The model consisted of seven-segmented hulls, a rectangular backbone, and a self-propelled system as
shown in Fig. 10. The backbone had a hollowed square shape 90 mmwide and 3.2 mm thick. Table 1 lists the actual principal
dimensions of the containership. The propulsion system was controlled to maintain the forward speed and heading angle
when the motion was disturbed by waves. The model scale was 1/60, and the model test was performed under head sea
conditions. The measured parameters were the 6-DOF motion of the center of mass, the incident wave elevations at the
front and side, the vertical bending moments at six-sections, and the pressure signals near the FP. Based on a hammering
test, the natural frequency and damping ratio of the two-node vertical bending mode were estimated to be 0.37 Hz and 2.0%
of the critical damping, respectively. The test was conducted in the wet mode.
The test model was numerically modeled using the experimental data. The numerical model consisted of the linear panel
model, nonlinear body panel model, slamming section model, and 1-D/3-D FE model. In the linear model, 400 and 2000Fig. 10. Model test setup of 18 000-TEU containership (left: segmented model and right: pressure sensors on bow flare).
Table 1
Principal dimensions of 18 000-TEU containership (full scale).
Item Magnitude
LBP 382.0 m
Breadth 58.0 m
Height 30.2 m
Draft 14.4 m
Disp. 224 009 ton
VCG 23.3 m
LCG 177.6 m
Natural frequency of two-node VB 0.37 Hz
Damping ratio of two-node VB 2.0% of critical damping
Fig. 11. Panel models of 18 000-TEU containership (left: linear panel model and right: nonlinear body panel model).
Fig. 12. Slamming section model of 18 000-TEU containership (left: slamming sections of bow flare and right: slamming sections of stern).
Fig. 13. 3-D FE model of 18 000-TEU containership.
Fig. 14. Eigenvectors of 18 000-TEU containership (top: two-node VB; bottom left: three-node VB and bottom right: four-node VB).
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Fig. 15. Response amplitude operator of motion at the center of mass and vertical bending moment in mid-ship section (heading angle¼1801 and forward
speed¼5 knots).
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Fig. 16. Super-harmonic springing response for two-node vertical bending (top: second harmonic springing and bottom: third harmonic springing).
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Fig. 17. Whipping response to regular wave for speed of 5 knots (top: total VBM in mid-ship section; middle: high-frequency components of VBM and
bottom: slamming modal force for two-node VB).
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J.-H. Kim et al. / Journal of Fluids and Structures 52 (2015) 145–165 157panels were respectively distributed on the mean body surface and free surface for the solution by the 3-D Rankine panel
method, as shown in the left panel of Fig. 10. The nonlinear body panel model consisted of 4500 panels on the entire body
surface for calculation of the nonlinear Froude–Krylov and restoring pressure, as shown in the right panel of Fig. 11. The ship
was discretized into 80 slamming sections in the longitudinal direction for calculation of the slamming load, as shown in
Fig. 12. Two different structural models were built, namely, the 1-D beam and 3-D FE models. The beammodel comprised 30
beam elements. In the 3-D FE model, 24 000 shell elements were used for the backbone, hull surface, and mass distribution
as shown in Fig. 13.
Only three modes of the vertical bending were considered in the coupled-analysis using the 3-D FE model as shown in
Fig. 14. To determine the converged sectional force, the vertical bending moment was calculated by integrating all the
external and inertial forces (Kim and Kim, 2014). Conversely, when the 1-D beam model was used, the equation of motion
was directly integrated with respect to time, which means that all the higher modes were included in both the coupled-
analysis and the calculation of the sectional force. The results of the 1-D beam and 3-D FE modes are respectively identified
by BEAM and MODAL 3D in the following comparisons. The linear responses to the waves are compared in Fig. 15. The
numerical and experimental models produced similar results.
4.2. Nonlinear springing in regular waves
The nonlinear springing responses to regular waves were compared before the comparison of the whipping responses
because the high-frequency oscillation can have both springing and whipping components even in sections where whipping
is dominant. Thus, it was necessary to confirm whether the super harmonic springing responses determined by
computation and experiment were almost the same. The magnitude of the springing response was a balance between
the excitation and damping forces. The damping ratio of the numerical model was adjusted to be equal to that of the testTime [s]
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Fig. 18. Whipping response to regular wave for speed of 10 knots (top: total VBM in mid-ship section; middle: high-frequency components of VBM and
bottom: slamming modal force of two-node VB).
J.-H. Kim et al. / Journal of Fluids and Structures 52 (2015) 145–165158model based on the hammering test result. In regular waves, the nonlinear springing excitation force is mainly produced by
the pressure on the instantaneously wetted surface. In the computation, the nonlinear Froude–Krylov and restoring pressure
is integrated over the instantaneously wetted surface using the weakly nonlinear approach. If the ship has a blunt bow, the
nonlinear diffraction force should be considered, although this is not simple.
Fig. 16 shows the super-harmonic springing responses determined by computation and the model test. The second
harmonic springing condition comprises a 5.0 m wave height, 9.0 s wave period, and 20.0 knot forward speed. The third
harmonic springing condition comprises a 5.35 mwave height, 12.0 s wave period, and 20.0 knot forward speed. The vertical
bending moments determined by computation and experiment are similar. The weakly nonlinear approach appears to be
suitable for the 18 000-TEU containership.
4.3. Whipping in regular waves
The slamming–whipping was computed using 80 slamming sections. Whipping response to a regular wave is a
frequently recurring transient vibration. In the time series of vertical bending moments, the springing response is combined
with the whipping response. Figs. 17 and 18 show the whipping responses to the same regular wave for different forward
speeds, namely, 5 and 10 knots. The wave condition comprises a 12.2 m wave height and 14.0 s wave period. The total
vertical bending moment seems to be very similar to that of super-harmonic springing. Overall, the computed whipping
responses are similar to those of the model test for the three forward speed conditions.Time [s]
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Fig. 19. Comparison of slamming pressure for speed of 5 knots (top: total pressure on sensor 1; bottom left: decomposed pressure on sensor 1 and bottom
right: decomposed pressure on sensor 2).
Table 2
Locations of pressure sensors.
Sensor ID x from AP (m) y from center line (m) z from keel line (m)
1 372.45 11.32 25
2 372.45 5.35 20
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vertical bending moment were separated. The whipping response for a speed of 5 knots appeared to be very complicated.
The development of the whipping could be clarified by investigating the excitation. It corresponded to the modal force for
two-node vertical bending produced by the slamming force, which was calculated as the dot product of the slamming force
and the eigenvector. Two humps per period were observed in the slamming modal force. The smooth one was produced by
bow flare slamming, and the spiky one by stern slamming. The flat bottom of the stern induced the spiky force.
For a speed of 5 knots, the whipping response was excited by the complicated force of bow flare and stern slamming as
shown in Fig. 17. The whipping was induced by the force of bow flare slamming and suppressed by the force of stern
slamming. Thus, the magnitude of the whipping response after stern slamming was smaller than that of the whipping
response to bow flare slamming. It was also interesting to observe different phase angles between springing and whipping.
This reduced the magnitude of the high-frequency oscillation. The contribution of springing to the high-frequency
oscillation was not negligible. The high-frequency oscillation of the computation was similar to that of the model test,
which was produced by bow flare slamming, stern slamming, and springing.
Fig. 18 shows the whipping response to the regular wave for a speed of 10 knots. The whipping response is larger than
that of the previous case. The agreement between the computation and model test results is quite good. Transient vibration
can be clearly observed in the whipping component. It was induced by bow flare slamming and gradually decreased by
wave radiation and structural damping forces during the natural period of the two-node vertical bending. The magnitude of
the whipping was then immediately reduced by stern slamming.4.4. Impact pressure on bow
Six pressure sensors were installed on the bow to measure the slamming impact pressure as shown in Fig. 9. Table 2
presents the installation locations of the sensors. The GWM is used to calculate only the dynamic pressure, whereas the
pressure measured during the model test includes both the dynamic and static pressures. The static pressure due to the
relative displacement is added to the dynamic pressure obtained by the GWM.Time [s]
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Fig. 20. Comparison of slamming pressure for speed of 10 knots (top: total pressure on sensor 1; bottom left: decomposed pressure on sensor 1 and
bottom right: decomposed pressure on sensor 2).
J.-H. Kim et al. / Journal of Fluids and Structures 52 (2015) 145–165160Figs. 19 and 20 compare the slamming pressures on the sensors. The pressures of the model test are more irregular compared to
those of the computation. There is good agreement between the total pressures determined by the computation and the model
test. In the case of a speed of 5 knots, the computation slightly overestimated the pressures compared to the model test results. For
sensor 1, the dynamic component was dominant and the shape of the total pressure is very sharp. Conversely, the static component
for sensor 2 was dominant and its shape is smooth. In the case of a speed of 10 knots, the computation slightly underestimated the
pressures compared to the model test results. The shapes of the pressures on the sensors are similar to those of the previous case.Time [s]
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Fig. 22. Comparison of wedge approximation and GWM for speed of 10 knots (top: total VBM in mid-ship section and bottom: slamming modal force for
two-node VB).
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Fig. 21. Comparison of wedge approximation and GWM for speed of 5 knots (top: total VBM in mid-ship section and bottom: slamming modal force for
two-node VB).
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The GWM is a sophisticated and complicated method for solving water entry problems, whereas wedge approximation is
very simple. If the performance of wedge approximation in computing the whipping is similar to that of GWM, it might be
preferred for the computation without calculating the pressure.
The computational and experimental results for speeds of 5 and 10 knots are compared in Figs. 21 and 22. The
performance of wedge approximation is slightly lower than that of the GWM. It tends to underestimate the bow flare
slamming loads and overestimate the stern slamming loads. Wedge approximation produces whipping responses that are
slightly smaller than those of the GWM. In addition, wedge approximation produces spiky stern slamming loads. If the dead-
rise angle of the submerged body varies along its outer contour, wedge approximation would produce spiky slamming loads.
The spiky loads are particularly calculated when the dead-rise angle increases with increasing submerged depth. The spiky
loads are due to an error in the geometric approximation.
4.6. Effect of discretization on whipping loads
When a 2-D method is applied to a 3-D domain problem, the discretization of the 3-D problem into the 2-D domain and
the relationship between the discretized 2-D domains generate errors. This study utilized no relationship between adjacent
slamming sections. In addition, no relaxation coefficient was used to evaluate the slamming load, even near the AP and FP.
The purpose of this part was to investigate the error due to the number of slamming sections. The whipping computation
results using 20, 40, and 80 sections are compared in Figs. 23 and 24.
Fig. 23 compares the results for a speed of 5 knots. The whipping responses were overestimated for the cases of 20 and
40 sections. Significant differences were observed among the whipping responses and slamming modal forces for the threeTime [s]
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Fig. 23. Comparison of slamming and whipping loads when using 20, 40, and 80 sections, for a speed of 5 knots (top: total VBM in mid-ship section;
middle: slamming modal force for two-node VB and bottom: slamming vertical force).
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Fig. 24. Comparison of slamming and whipping loads when using 20, 40, and 80 sections, for a speed of 10 knots (top: total VBM in mid-ship section;
middle: slamming modal force for two-node VB and bottom: slamming vertical force).
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The frequencies were due to the sequential water entry events in the discretized sections. In the case of 20 sections, the
frequency of the stern slamming was close to the natural frequency of the two-node vertical bending. Consequently, a large
error was generated in the whipping response. In the case of 40 sections, the stern slamming loads on some sections were
either overestimated or underestimated compared to those for 80 sections, which was because the slamming loads changed
significantly along the length of the ship. It should be noted that computation using more than 80 sections produced almost
the same whipping response as when using 80 sections, although these are not included in the presented results. The stern
slamming forces for the three cases were quite different, whereas the bow flare slamming forces were very similar.
Comparison of the slamming vertical forces on the different numbers of sections helps in understanding the differences
among the three cases above. The small hump consists of several bow flare slamming forces on the sections near the FP. The
dot product of the small hump and the eigenvector corresponds to the large and smooth hump in the slamming modal force.
The large humps next to the small hump are due to stern slamming. They are separated from each other and their
magnitudes are quite different. The observed characteristics of the discretized slamming loads on the bow and stern are
different. A number of sections are required only near the stern to converge the slamming–whipping response. This is
because the dead-rise angle is small near the AP. For efficient computation, non-uniform discretization of the ship into
slamming sections is required. It should be noted that the characteristic of the discretized slamming loads is also closely
related to the wave and operation conditions.
In the case of a speed of 10 knots, the computed whipping responses for 40 and 80 sections are almost the same as
shown in Fig. 24. The whipping responses converge for 40 sections. Slight difference between the slamming modal forces
due to stern slamming was observed, but this hardly affected the whipping response. The faster convergence was due to two
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Fig. 25. Comparison of fully coupled and motion-decoupled analyses for a speed of 5 knots (top: total VBM in mid-ship section and bottom: pitch motion
at center of mass).
J.-H. Kim et al. / Journal of Fluids and Structures 52 (2015) 145–165 163factors. Firstly, the contribution of stern slamming to whipping was small. Secondly, the large humps in the slamming
vertical force were closer to each other compared to those for a speed of 5 knots.
4.7. Effect of coupling motion and slamming load
A classical approach to analyzing slamming–whipping is post-processing using the results of a motion analysis, which
constitutes a decoupled analysis. It assumes that the effect of the slamming load on the motion is negligible. The purpose of
this part was to validate the classical approach and determine the effect of coupling the rigid-body motion and slamming
load. The classical approach was implemented by neglecting the slamming modal forces of the rigid-body modes. The
results of the classical approach are tagged “motion decoupled” in Figs. 25 and 26.
The classical approach tended to overestimate the whipping responses compared to the fully coupled analysis and model
test. It is obvious that the pitch motions determined by the classical approach were larger than those determined by the
coupled analysis. The slamming load suppressed the pitch motion, and the suppressed pitch motion mitigated the slamming
load. The interaction between the slamming load and the pitch motion resulted in mutual suppression. The effect of the
interaction was stronger for a more severe slamming condition. Therefore, the coupled analysis is better for simulating
whipping under severe slamming.
5. Conclusion
In this study, slamming–whipping responses were computed by the fully coupled analysis method, and the results were
compared with those of a model test of an 18 000-TEU containership. The findings and conclusions are as follows: The nonlinear springing responses determined by computation and the model test were similar. The performance of the
weakly nonlinear approach for the 18 000-TEU containership seemed to be good. The use of a fully coupled numerical model in conjunction with the GWM produced similar high-frequency oscillations as
those of the model test for three different forward speeds. The high-frequency oscillation was produced by a combination
of whipping due to bow flare and stern slamming and super harmonic springing. The total pressures near the FP determined by computation and the model test were in good agreement. The dynamic
pressure on the upper sensor 1 was dominant, and the shape of the total pressure was very sharp, whereas the static
pressure on the lower sensor 2 was dominant, and the shape was smooth. The performance of wedge approximation for whipping simulation was slightly lower than that of the GWM. It tended to
underestimate the bow flare slamming loads and overestimate the stern slamming loads.
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Fig. 26. Comparison of fully coupled and motion-decoupled analyses for a speed of 10 knots (top: total VBM in mid-ship section and bottom: pitch motion
at center of mass).
J.-H. Kim et al. / Journal of Fluids and Structures 52 (2015) 145–165164 The observed characteristics of the discretized slamming loads on the bow and sternwere different. A number of sections
are only required near the stern to converge the slamming–whipping response. Non-uniform discretization of the ship
into slamming sections is required for efficient computation. The classical approach, which is a decoupled analysis of motion and slamming, tended to overestimate the whipping
responses compared to the fully coupled analysis and model test. This was because the slamming load suppressed the
pitch motion and the suppressed pitch motion mitigated the slamming load. A coupled analysis is therefore better for
simulating whipping.
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